The purpose of this study was to assess the performance of structure-guided deformable image registration (SG-DIR) relative to rigid registration and DIR using TG-132 recommendations. This assessment was performed for image registration of treatment planning computed tomography (CT) and magnetic resonance imaging (MRI) scans with Primovist 
| INTRODUCTION

Stereotactic Body Radiation Therapy (SBRT) is an ablative technique
characterized by the high dose delivered in one to five fractions with either the same or greater biologically effective dose as conventional radiotherapy. 1 Studies have shown appreciable local control with the use of SBRT in primary and metastatic hepatic malignancies. [2] [3] [4] [5] [6] [7] [8] SBRT has become the selected treatment of choice for patients who are not candidates for surgery due to tumor location. 9 High dose per fraction and steep dose gradient is characteristic of SBRT treatments, which can lead to nontarget liver damage and potential hepatic toxicities that become limiting factors for optimal target dose delivery. 10 This can have a significant adverse impact on patients' quality of life, and therefore assessment of liver function pre-and post-SBRT treatment is essential. 1 Child-Pugh score is often utilized in order to evaluate the liver dysfunction using several markers of liver injury including biochemical and clinical, however the use as a predictor for the risk of radiation-induced liver damage is arbitrary and somewhat limited as it does not provide any regional-volumetric information on compromised liver function. Gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) is an MRI contrast agent also known as Primovist ® (Bayer Pharma AG, Berlin, Germany) that is taken up by hepatocytes, and as a result the assessment of the intensity of liver parenchyma can be correlated to the liver dysfunction. 11 Following contrast administration, Primovist ® is distributed into the vascular space during arterial and portal venous phases; subsequently it is taken up by the hepatocytes during the hepatobiliary phase, where an enhancement can be observed on delayed images.
Liver parenchyma can then be correlated to the liver dysfunction based on decreased signal intensity. 12 Thus, the Primovist ® contrast-enhanced MRI scans contain the regional information pertaining to hepatic function. This contrast agent has been utilized for the assessment of liver dysfunction, [13] [14] [15] [16] [17] [18] [19] as well as the quantification of the threshold dose for radiation-induced liver reaction or hepatic toxicity. 11, 12, [20] [21] [22] [23] [24] In order to determine the threshold dose, image registration is typically employed in order to obtain the intensity information from the MRI and dose information from planning CT for each liver voxel. Primovist ® MR imaging has proven itself to be a useful tool for liver function assessment. In order to properly determine the threshold dose associated with focal liver reaction, proper image registration needs to be implemented between planning CT which contains dose information and Primovist ® MRI scans.
Image registration consists of applying a transformation to the coordinate system that corresponds to the source image in order for it to be expressed in terms of target image's coordinate system. In the context of our study, registration of planning CT and post-SBRT MRI can be difficult to perform due to the following reasons, a) 27 Using anatomical landmarks on corresponding scans, it was found that the position of these landmarks post rigid registration was approximately 5 mm. It is important to note that in the study mentioned, both of the types of scans were obtained on the same day under similar conditions. Therefore, applying rigid registration in the scenario where scans are taken at the opposite ends of the treatment timeline and also under different acquisition conditions, one can only expect for these metrics to deteriorate in performance.
DIR can account for volumetric changes between scans, but it can also produce an unrealistic output where voxels move in a nonphysiological manner. Therefore, TG-132 recommends qualitative assessment in addition to quantitative calculations for image registrations. Examples of sites where DIR has been used in the past include prostate, head and neck, lung, and liver. 28 An important challenge in DIR occurs when a specific organ is deformed relative to adjacent structures. The alignment of this organ to a nearby structure could be compromised relative to the best solution for the entire image volume.
Structure-guided DIR (SG-DIR) is a hybrid registration technique in Velocity AI 3.2 software (Varian Medical Systems, Inc, Palo Alto, CA, USA). It allows for the matching of the structures of interest using the specified contours and implements a B-spline transformation along with normalized mutual information similarity metric 1 . Ten percent of the weight of SG-DIR is associated with the alignment of structures using the sum of squared differences for the corresponding points of structures, and 90% of the weight is associated with the registration process using mutual information. Contour-based DIR has been used in the past, but to our knowledge, its implementation was limited to the anatomical structures prone to significant volume change such as bladder and rectum, which also lack in anatomical landmarks. [29] [30] [31] [32] The purpose of this study was to compare the performance of SG-DIR to common types of image registration techniques provided by Velocity AI for multimodality imaging in radiation therapy specifically for the liver structure in relation to recommendations by TG-132. 26 provides several metrics along with suggested tolerances that can be used in the evaluation of the performance of DIR.
These metrics include target registration error (TRE), mean distance to agreement (MDA), Dice Similarity Coefficient (DSC), and Jacobian determinant. In this study, we used the suggested metrics from TG-132 to evaluate the performance of SG-DIR against rigid registration and DIR in Velocity AI. Furthermore, we assessed and compared different approaches to using SG-DIR by guiding it using liver contours (SG-DIR liver ) and anatomical landmarks along with liver contours (SG-DIR liver+landmarks ). In addition, for selected set of patient scans, separate liver segments were contoured by a Radiation Oncologist in order to compare the regional performance of the image registration methods. To our knowledge, this is the first study to quantify the accuracy of two structure-based DIR methods specifically applied to the planning CT and post-SBRT MRI.
| MATERIALS AND METHODS
2.A | SBRT Technique
Patients with liver tumors were enrolled in the study if they were suitable for liver SBRT, as well as for MRI acquisition. During planning 4D-CT acquisition, patients were immobilized using a compres- 
2.B | Image Registration
Each patient enrolled in the study, had a planning 4D-CT and a Primo- with respect to the secondary. The DVF was used to assess the movement of voxels which specifically pertain to the liver structure.
The DVF was exported from Velocity AI along with the planning CT, and liver structures were used as inputs for the custom written program in MATLAB R2016a. The program extracted the voxels that corresponded only to the liver structure, and then resampled the DVF in terms of the resolution of the planning CT and assigned the associated displacement magnitude for the each voxel within the liver structure. The cumulative histograms were constructed for the DIR and two types of SG-DIR tested in this study in order to assess the overall movement of the liver due to image registration.
The following metrics from TG-132 were used for image registration performance assessment: Dice Similarity Coefficient (DSC), Mean Distance to Agreement (MDA), Target Registration Error (TRE), and Jacobian determinant. DSC is defined as the volumetric overlap between two structures,
In the above equation, A and B represent two different liver structure volumes. MDA (also referred to as Mean Surface Distance)
is defined by the computed minimum distance between surface points from liver structure B to liver structure A, where all of the KUZNETSOVA ET AL.
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Jacobian determinant corresponds to the voxel volume change following the DIR. 26, 34 It is quantified using the DVF, where a vector for a voxel i, (u i =(u xi , u yi, u zi ), is used to create a Jacobian matrix from which a determinant is calculated:
Using the above approach, the Jacobian is calculated for every voxel thus creating a Jacobian map. J i greater than 1 corresponds to the increase in volume, J i less than 1 implies a decrease in volume, J i = 1 corresponds to no volume change, and J i < 0 is indicative of unrealistic and nonphysiological voxel motion such as DVF tearing and folding. 33 The percentage of liver volume with negative Jacobian values was quantified for DIR, and two types of SG-DIR.
This gave an insight into which image registration approach was prone to more error.
2.C | Liver Segmentation
We used a simplified indigenous version of Radiation Therapy and Oncology Group consensus guideline for liver segmentation. The TRE (mean ± SEM) for the 124 anatomical landmarks acquired from the 14 patient cohort was 7.9 ± 0.4 mm for rigid registration, 7.8 ± 0.5 mm for the DIR, 6.9 ± 0.4 mm for SG-DIR liver , and 4.9 ± 0.3 mm for SG-DIR liver+landmarks . The TRE results for 124 landmarks acquired for 14 patients are illustrated in Fig. 4 . There was a significant difference between SG-DIR liver+landmarks and DIR (P < 0.05), rigid registration (P < 0.05), as well as SG-DIR liver (P < 0.05).
There was also a significant difference between SG-DIR liver and rigid registration (P = 0.006). Deformable Registration Accuracy Study) have found that the average error ranged from 3.9 to 6.5 mm for different registration approaches. 37 More recently, the study by Manuel et al. 2014 used an organ-focused mutual information approach for the purpose of registering CT and Gd-EOB-DTPA MRI has reported a median landmark-based error of 6.86 mm, and a median surface-based mean error of 3.23 mm. 38 Furthermore, the majority of selected studies tended to acquire images on the same day, 27, 39, 40 Looking closer at the performance of DIR for the individual liver segments (Table 2) , we found that SG-DIR underperforms for two out of eight structures delineated: IVC and portal vein. A previous study that looked at the image registration of the liver for noncontrast-enhanced planning CT and post-SBRT MRI using regional liver segment analysis has found that the delineated portal region and combined IVC with caudate lobe had the lowest DSC compared to other segments such as the left lobe. 41 Our results agree with the study, as well as illustrate the fact that having contrast-enhanced scans does not improve the registration performance of the portal region and IVC. The underperformance of SG-DIR for these cases could be the result of the fact that 90% of the weight of the algorithm is intensity based evaluate the relative behavior within the liver region post image registration in terms of qualitative analysis rather than quantitative.
It is important to note some of the limitations of the study, specifically the fact that the inter-and intra-observer variability was not quantified. Several previous studies have been conducted where intraand inter-observer variability has been quantified for the delineation of the liver. The intra-observer variability was quantified to be 0.96-0.98 and 0.95-0.98 for the inter-observer variability using DSC formalism. [42] [43] [44] [45] The inter-observer variability for liver delineation is expected to be low since the edge information of the organ is typically very well defined on both CT and MRI. Furthermore, we were interested in assessing the performance of SG-DIR with respect to other common types of image registration such as rigid registration and DIR.
In addition this study had a small cohort, which does not take into account different types of tumor and liver cirrhosis conditions.
Our study used operator-dependent strategies, which are dependent on manual contouring, contour propagation, and landmark identi- and operator-dependent approach for geometric validation of image registration. 46 There is a need for automatic implementation of contour delineation and anatomical landmark localization in order to help make patient-specific DIR validation more routine in practice. Automatic extraction of landmark identification for multimodality images (CT and MRI) has so far been limited to only 2D cases, and stands to be a challenge. 46 Better automating the auto-segmentation and landmark extraction methods will allow for easier adaptation of DIR in a clinical setting, where performance assessment of image registration remains a limiting factor of DIR utilization.
| CONCLUSION
This study evaluated the performance of SG-DIR for the liver structure and its internal segments with respect to rigid registration and DIR in Velocity AI software. The SG-DIR approach resulted in highest liver conformality and lowest TRE; it was found that the use of SG-DIR that involves liver contours along with anatomical landmarks significantly reduces the TRE. The implementation of SG-DIR requires more of a demanding workflow consisting of structure delineation and possibly anatomical landmark selection. However, despite the additional steps required for the implementation of SG-DIR, this process provides a superior registration in the challenging scenario of image registration of planning CT and post-SBRT MRI.
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